A new Fe-based bulk glassy alloy with good soft magnetic properties and high saturation magnetization (I s ) above 1.5 T was formed at the composition of (Fe 0.75 B 0.15 Si 0.1 ) 99 Zr 1 . The addition of 1 at%Zr to Fe 75 B 15 Si 10 caused the appearance of glass transition (T g ) at 815 K, followed by a supercooled liquid region (∆T x (= T x − T g )) of 52 K, in addition to a decrease of Curie temperature (T c ) from 714 to 688 K and an increase of crystallization temperature (T x ) from 845 to 868 K. The reduced glass transition temperature (T g /T l ) was measured as 0.59. The increase in the supercooled liquid region enabled us to form bulk glassy alloy rods in the diameter range up to 0.75 mm by the copper mold casting method. The T c , T g , ∆T x and crystallization peak behavior for the bulk glassy alloy rods are nearly the same as those for the corresponding ribbon sample. The bulk glassy alloy rods exhibit high I s of 1.53 T and low coercive force (H c ) of 2.8 A/m which are comparable to commercial Fe-based amorphous alloy ribbons. The good combination of the new Fe-based alloy composition, high glass-forming ability and good soft magnetic properties indicates that the new bulk glassy alloy may be used as a new type of soft magnetic material.
Introduction
Since the discoveries of new glassy alloys with a large supercooled liquid region before crystallization in Ln-, 1) Mg- 2) and Zr- 3) based systems for several years between 1988 and 1990, much effort has been devoted to develop bulk glassy alloys with high glass-forming ability and useful characteristics. [4] [5] [6] It is well known that bulk glassy alloys can be formed in ferrous alloy groups of Fe- 7, 8) and Co- 9) based systems as well as in nonferrous alloy groups such as Ln-, 1) Mg-, 2) Zr-, 3, 10) Ti-, 11) Pd-, 12) Ni- 13) and Cu- 14) based systems. When we pay attention to Fe-based bulk glassy alloys which are important as soft magnetic materials, the alloy systems reported up to date are classified to the following four groups; (1) Fe-(Al, Ga)-(P, C, B) 7) and Fe-Ga-(P, C, B) 15) systems (including additional elements of Cr, Mo and Co), [16] [17] [18] (2) Fe-(Zr, Hf, Nb, Ta)-B 8) systems (including additional elements of Cr, Mo and W), 19 ) (3) Fe-Co-Ln-B 20) and (4) Fe-(Cr, Mo)-(B, C) 21) systems. The saturation magnetization (I s ), which is one of the most important characteristics as soft magnetic materials, lies in the range from 0.6 to 1.4 T for the above-described Fe-based bulk glassy alloys. Very recently, we have succeeded in finding a new bulk glassy alloy with high I s exceeding 1.5 T in Fe-B-Si-Nb system. 22) No bulk glassy alloys have been formed in Fe-B-Si ternary system and hence the effectiveness of the Nb addition on the glass-forming ability has been explained in the framework of the three empirical component rules, [23] [24] [25] i.e., (1) multicomponent consisting of more than three elements, (2) significant atomic size mismatches above 12% among the three constituent elements, and (3) suitable negative heats of mixing among the main three elements. It is generally known that the I s (1.7 T) of Fe-Zr-B nanocrystalline alloy is higher than that (1.5 T) of Fe-Nb-B nanocrystalline alloy. 26) Therefore, although the research subject is amorphous material in this study, with the aim of synthesizing a new bulk glassy alloy with high saturation magnetization above 1.5 T, the addition of Zr to Fe-Si-B alloys is tried because of this alloy system also satisfies the three empirical component rules. This paper intends to present the composition at which bulk glassy alloys in (Fe 0.75 B 0.15 Si 0.1 ) 100−x Zr x system are formed by copper mold casting and thermal stability and magnetic properties of the new Fe-based bulk glassy alloys and to investigate the reason for the effectiveness of Zr addition on the increase in glass-forming ability.
Experimental Procedure
Alloy ingots with compositions of (Fe 0.75 B 0.15 Si 0.1 ) 100−xZr x (x = 0, 1, 2 and 3 at%) were prepared by arc melting the mixtures of pure Fe (99.9 mass%) and Zr (99.6 mass%) metals, crystal B (99.5 mass%) and highly pure Si (99.99 mass%) in an argon atmosphere. Alloy rod specimens of 1 to 3 mm in diameter were prepared by the copper mold casting method. Ribbon specimens with a cross section of 0.02 × 1.2 mm was also measured with a differential scanning calorimeter at a heating rate of 1.33 K/s. Figure 1 shows the DSC curves of the (Fe 0.75 B 0.15 Si 0.1 ) 100−x Zr x (x = 0, 1 and 2 at%) amorphous alloys. It is clearly seen that the addition of only 1 at%Zr causes some significant changes in the thermal properties. That is, (1) the glass transition appears only for the 1 at%Zr-containing alloy, accompanying the appearance of a supercooled liquid region before crystallization, (2) the onset temperature of crystallization increases by the addition of 1 and 2 at%Zr, accompanying the change in the exothermic reaction due to crystallization, and (3) the Curie temperature (T c ) decreases from 714 K for the 0 at%Zr alloy to 688 K for the 2 at%Zr alloy. It is noticed that the glass transition, followed by a supercooled liquid region appears even for Fe-B-Sibased alloys by the addition of 1 at%Zr. This change indicates that the Fe-B-Si-1 at%Zr alloy may have high glassforming ability leading to the formation of a bulk glassy alloy by the copper mold casting method. and no appreciable diffraction peak due to crystalline phase is seen for the 0.5 and 0.75 mm samples. This result indicates clearly that bulk glassy alloys in Fe-B-Si-Zr system are formed in the diameter range up to 0.75 mm. With further increasing sample diameter to 1 mm, the X-ray diffraction pattern changed to a mixed state of broad and sharp peaks, ) and crystallization temperature (T x ) are very similar among the 0.5 mm rod, the 0.75 mm rod and the ribbon samples. However, it can be found that the heat of crystallization of the 1 mm rod is much smaller than those of the 0.5 and 0.75 mm rods, which also means that the structure of the 1 mm rod is the mixture of the glassy and crystalline phases. We have also confirmed the formation of a glassy single phase without appreciable crystalline phase in the cast rod samples from the cross sectional structure obtained by optical microscopy. Besides, the absence of crystalline contrast in the longitudinal cross section of the rod samples with diameters of 0.5 and 0.75 mm are also confirmed by optical microscopy. It is thus concluded that the bulk glassy rods of the (Fe 0.75 B 0.15 Si 0.1 ) 99 Zr 1 alloy in the diameter range up to 0.75 mm are formed by the copper mold casting method. Figure 4 shows the I-H hysteresis loops of the cast (Fe 0.75 B 0.15 Si 0.1 ) 99 Zr 1 glassy rods with diameters of 0.5 and 0.75 mm, together with the data of the corresponding meltspun ribbon. The apparent initial permeability of the rod samples are considerably lower than that of the ribbon sample because of the significant influence of reversed magnetization resulting from the bulk rod morphology. However, the saturation magnetization (I s ) and coercive force (H c ) are independent of sample shape and no appreciable change in I s and H c is seen among the three samples. Here, it is noticed that the I s is as high as 1.53 T and the H c is as low as 2.8 A/m. The soft magnetic properties are comparable to those for commercial Fe-B-Si and Fe-B-Si-C glassy alloys.
Results
It was shown that the 1 at%Zr-containing alloy possessed the distinct glass transition, followed by the supercooled liquid region of 52 K before crystallization as well as high glassforming ability leading to the formation of the bulk glassy alloy rods with diameters up to 0.75 mm. Consequently, it is characterized that the new Fe-based alloy has simultaneously three important properties of high glass-forming ability, good workability due to viscous flow and good soft magnetic properties combined with high I s which have not been previously obtained for any kinds of amorphous and glassy alloys. 27) The simultaneous achievement of these properties, which are important as engineering materials, is promising for future development of the Fe-B-Si-Zr bulk glassy alloys as a new type of soft magnetic material.
Discussion
We discuss the reason for the significant increase in the sample thickness/diameter for glass formation from 0.05 mm to 0.75 mm through the appearance of glass transition and supercooled liquid region before crystallization. It has been pointed out that the high glass-forming ability through the stabilization of supercooled liquid can be achieved in special alloy systems which satisfy the three component criteria described above. The low glass-forming ability of Fe-B-Si alloys, in which no bulk glassy alloy is formed by the conventional casting process, 28) has been interpreted by the concept that the alloy consists of two types of elements, i.e., Fe and (B, Si).
22) The addition of Zr element causes the satisfaction of the three component criteria because the atomic size ratio is 1.31 for Zr/Fe and 1.80 to 1.38 for Zr/(B, Si) 29) and the heat of mixing is −25 kJ/mol for Zr-Fe pair, −56 kJ/mol for Zr-B, −67 kJ/mol for Zr-Si, −11 kJ/mol for Fe-B and −18 kJ/mol for Fe-Si. 30) However, the further increase in Zr content to 2 at% caused a significant decrease in glass-forming ability because of the precipitation of Fe 2 Zr phase in the cast alloy rod with a diameter of 0.5 mm as well as the disappearance of the glass transition and supercooled liquid region before crystallization. The narrow limitation of the optimum Zr content to around 1 at% is presumably due to the much stronger bonding nature between Zr and the other elements, as is evidenced from the larger negative heats of mixing for Zr-Fe, Zr-B and Zr-Si pairs.
Summary
The effect of Zr addition on the glass-forming ability, thermal stability and soft magnetic properties of Fe 75 B 15 Si 10 amorphous alloy has been examined. The results obtained are summarized as follows.
(1) Although no glass transition is observed for Fe 75 B 15 Si 10 amorphous alloy, the (Fe 0.75 B 0.15 Si 0.1 ) 99 Zr 1 alloy exhibits the glass transition at 815 K, followed by a supercooled liquid region of 52 K and then crystallization. The further increase in Zr content to 2 at% caused the disappearance of the glass transition.
(2) The crystallization temperature (T x ) is 845 K for the Fe-B-Si amorphous alloy and increases to 867 K for the 1 at%Zr alloy, accompanying the change in the crystallization reaction mode.
(3) The 1 at%Zr alloy with the supercooled liquid region before crystallization was formed into a bulk glassy shape by the copper mold casting and the maximum diameter was 0.75 mm. No appreciable difference in T g , ∆T x (= T x − T g ) and crystallization behavior is seen among the cast bulk rods (0.5 and 0.75 mm) and the melt-spun ribbon.
(4) The cast bulk glassy rods exhibit good soft magnetic properties, i.e., high I s of 1.53 T and low H c of 2.8 A/m which are comparable to those for commercial melt-spun Fe-BSi amorphous ribbon. The success of synthesizing the new Fe-B-Si-Zr glassy alloy with high glass-forming ability and good soft magnetic properties is expected to result in the future use as a new soft magnetic material.
